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ABSTRACT

One method of controlling electromagnetic
plasma interaction is by seeding the plasma with
highly charged particles to obtain relatively large
values of the collision frequency. This report
contains a description of the maximum obtainable
collision frequency as a function of ultrafine
charged particle seeding parameters.
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SECTION I
INTRODUCTION

BACKGROUND

The problem of controlling the behavior of a signal as it traverses a
plasma has received extensive attention. Proposed solutions include, among
others, such diverse methods as increasing the signal frequency, applying a
magnetic field, and reducing the electron concentration. This report des-
cribes one additional approach: that of charged particle seeding, wherein a
plasma is seeded with highly c'harged particles to change its characteristics

in a predictable way.

PLASMA BEHAVIOR

Bases of Investigation

Three aspects are of interest in this area of investigation. First, seeding
a plasma with highly charged particles is, in reality, two techniques in one.
A number of investigators have already explored electron reduction through
the use of charged particles. A further advantage would be gained by investi-
gating the combined effect of both phenomena: electron reduction simultaneous

with collision frequency increase, since this is what actually occurs.

Second, in the area of rocket propulsion, an interest in charged particles
already exists in relation to colloidal ion engines. It would be advantageous

to seek an understanding of this new type of exhaust.

Third, this avenue of investigation provides an opportunity to develop an

understanding of the fundamental behavior of a plasma. To date, workers in



the field, including those at MITRE, have created extremely simplified models
in order to obtain possible trends for use as guides in more extensive investi-
gations. The approach has been to decouple the various physical phenomena

and then base predictions on the extrapolation of existing models.

It is believed that focusing on collision frequency as a dominant mechanism
will provide an additional insight into plasma. It is hoped that the brief treat-
ment contained in this report will be the forerunner to a more in-depth analy-

sis.

Collision Mechanisms

It has been established that the deleterious effects of electromagnetic-
plasma interaction may be minimized by controlling the electron collision
frequency. Increasing the collision frequency to a value greater than the
plasma frequency and the signal frequency results in decreased attenuation,

phase shift and reflection.

There are two basic collision mechanisms: electron collisions with
neutral particles and electron collisions with charged particles. The colli-
sion frequency is a function of electron energy, particle concentration, and
the effective particle size. The effective particle size for charged particles
is a function of the charge squared. Thus, highly charged particles are de-
sired. To obtain highly charged particles, ultrafine particles of micron

size are required.

For a specific ultrafine particle of a given radius, there is a maximum
obtainable charge. This, in turn, results in a maximum possible collision
frequency. The purpose of this report is to establish this maximum collision

frequency as a function of the seeding parameters.



SECTION II

COLLISION FREQUENCY

GENERAL

The electron collision frequency can usually be increased by the addition of
material per unit volume of plasma (a pressure increase). This increases the con-
centration of particles with which the electrons collide. For example, doubling the
pressure doubles the collision frequency. However, this requires twice the pro-
pellant weight for a rocket exhaust plasma. Clearly, then, the approach desired
is one which would require only minute seeding to produce large changes in the

collision frequency.

The use of charged particle seeding appears to offer this result. Specifically,
the required amount of seed material, and the size of the ultrafine particle and its
individual charge, will be determined for a given acceptable attenuation loss. The
constraint used is that, for a given particle radius, there is a maximum attainable

charge.

The m. k. s. system of units is used throughout. Numerical values employed

are:

-12 coulomb2 . seconds2

eO=8.854x10 3
kilogram - meter
. -19
e =1,60x10 coulomb , and
m= 9.11 x 10-31 kilogram .

MAXIMUM OBTAINABLE

The electric field on the surface of a charged ultrafine particle is

E = T (1a)



where

E = electric field intensity,

7Z = particle charge in units of electron charge,
e = electron charge,

€ = dielectric constant of free space, and

a = particle radius.

There is a maximum field strength (in a vacuum) that a surface can stand
before destruction of the surface occurs. This then determines the maximum

particle charge obtainable. From Equation (la),

4
B = W:O E_ a? = 6,95 x107% E_ ai , (1b)
where
Zm = maximum obtainable particle charge,
Em = maximum permissible surface field, and
a, = particle radius (microns).

From Reference 1, the electron collision frequency for charged particles is

2
-10 Z
r 2x1 ——— 1
wc,s x 10 nsf 33 (1c)
T
u
where
w, o= charged particle electron collision frequency,
ns = charged particle concentration,
f = factor accounting for long range coulomb interaction (1/10 <f<1),
and
Tu = temperature in thousands.

4



The maximum obtainable collision frequency (w s> m’ is then

4
a
u

/2"

Q

(w ) 106, g2 (1d)
c,s8/m S m T 3
u

The volume per particle times nS is the total volume VS occupied per cubic

meter by the particles. Thus,

‘ -1
A% =;£7ra3n =4,19x10 8a3n ) (le)
S 3 s S
and
2 au
(wc’ S>m ~ 20fE 372 v - (1f)
u

Reference 2 shows that the experimentally determined maximum surface field

strength is approximately ].010 volts/meter. Thus,

! 20 2
(w ) zloo(sGVa, (2a)
c, s/m s u
where
E = 10106 , and (2b)
m
G = 20 — (2¢)
T 3/2
u
SEEDING PARAMETERS
For successful transmission through a plasma, the attenuation is (from
Reference 1)
2
< ™
L~ 1.5x10 C—UBF, (3a)
c



where

2
w =3.17x103n , (3b)
p e
1
F=———n<|; (3c)
1+ (w/ wc)
and where
wp = angular plasma frequency,
n, = electron concentration, and
L. = attenuation (decibels/meter).
For charged particle seeding, the reduced attenuation LS is
n
L ~5.5 x107%° = ‘; (TF> (42)
s u \é6 G

where Equations (2a), (3b), and (3a) have been used.

In a rocket exhaust, the volume per molecule times the number of molecules
nO is the total volume V0 occupied per cubic meter of exhaust plume. Thus, for

a molecular radius equal to 3 x 10_10 meters

3
~4q( -10)
V0 Mg 3 x10 n,, (4b)

and Equation (4a) becomes

n A%
QRO -
0 S u 6 G



Equation (4c) is the attenuation per meter as a function of the ionization
fraction, charged particle seeding fraction, charged particle size, and the

2
lumped parameter, F/6 Q.

These parameters can be examined by way of the alkali-seeded, acetylene-

oxygen laboratory flame, discussed in Reference 3. From this reference
o
T =~ 2500 K , Tuw2.5,

1
w X 6,28 x 10 . and 2.2 x 1011 radians/sec ,

L 5ix 1024 molecules/m3

=
Q2
Do
o

, and

11
.5 x 10~ collisions/sec .

2
[AV]
v

w
c, 0

Ionization Fraction (ne /no)

10
From Reference 3, it is known that wp =8 x 10" radians/second is a typical
18
laboratory plasma frequency. This implies that n, = 2x 10 electrons/cubic

meters. Therefore, the ionization fraction is

=

Q

10 . (5a)

S o

Attenuation Per Meter (L)

From Reference 3 for wp =8x 1010 radians/second, it is shown that

6. 28 x 1010 radians/sec

]

L =

354 decibels/m for w
{ (5b)

219 decibels/m for w = 2.2 x 1011 radians/sec .



The seeding parameters required to reduce the attenuation to 1/100 of that

shown in (5b) are determined by

L

S -2
== = 1.0 . !
L (5¢)
2
Lumped Parameter (F/6 G)
Since w > w and the intention is for w > w then, from Equation
c, 0 c, s c, 0
(3c¢),
F~1,

In Reference 4 it is shown that micron-size particles have been consistently

charged to field strengths
9
E ~ 2.5 x10" volts/m .

Thus, from Equation (2b),

6 =1/4 .

The long-range coulomb factor f will require experimental determination. For

now, an average value can be chosen:

i = 1/2 .
Thus, from Equation (2c),
G~ 2.5
The lumped parameter is then
———5 ~ 6, (5d)
6 G



Charged Particle Seeding Fraction (VS/VO)

Substitution of Equations (5a) through (5d) into Equation (4c) yields

<

S -3 1
v ~ 8x10 (a > 3 (6a)
0 u

where the approximation includes both values in (5b). Since

My =Po Vo o)
and
ms B ps Vs ’ (6c)
then
m Y
E-S-N8x103 ai =, (6d)
0 u Po
where
m, = mass of unit volume of exhaust gas,
Py = density of exhaust material,
mS = mass of seed material per unit volume, and
pg = density of seed material.
If
pS w pO ’
and

au &~ 2 microns



then

m
8

m

~4x107° (6e)

IS
<| <
o lw

Thus, seeding with four parts per thousand by weight reduced the attenuation by

1/100.

Finally, the required charge per particle, the charged particle concentration,
and the resulting collision frequency can be determined. From Equations (1b)
and (2b),

Z = 6.95x 1074 (i) o (2)2 ~ 7 x10° : (7a)

from Equation (4b),

-4 meter3
V0 = S cubic meter (7b)
and from (6e),
3
-6 meter
Vs b cubic meter ° (7e)
Thus, from Equation (le),
10 . 3
n, ~ 10 = charged particles/meter” | (7d)
and
n
n—s ~ 1071 (Te)
0

10



and

From Equations (2a) through (2c), it is known that

<w ) ~ 3 X 10 collision/sec ,
c,s)m

11

(71)

(Tg)



SECTION III
CONCLUSIONS

The results indicated in this report are very encouraging. For an ex-
ample of a rather severe case of attentuation, seeding the plasma with
charged particles, four parts per thousand by weight, reduced the attenua-

tion by 1/100.

However, it should be kept in mind that these results are based upon a
rather simplified charged-particle model. Refinements of this model must
include the way the particle receives its charge and the method of seeding
the plasma. In addition, the theoretical model should receive experimental

results as an on-going refinement process.

Extrapolation of existing models enables large increases in collision
frequency to be predicted as a result of seeding with small amounts of highly
charged particles. If elastic collisions are assumed, we are able to specu-
late on the reduction in attenuation and the associated seeding requirements.
In general, however, the collisions will not be elastic. Rather, the highly
positi‘vely charged particles will attract electrons. This will occur at an
extremely high rate, as indicated by the large value associated with the
collision frequency. This then leads to an even greater potential for the con-
trol of electromagnetic-plasma interaction, or, by increasing the collision
frequency, a simultaneous reduction of electron concentration occurs to
produce the two-pronged effect mentioned previously. Accordingly, the

appropriate model must therefore include both effects.

This then leads to the basic question: How does a plasma behave when

it consists of highly charged particles? The term 'plasma' is used in its

12



broadest sense. It would appear that an investigation of a highly charged
particle plasma is of interest, not only in the area of electromagnetic-plasma

interaction, but also from the viewpoint of obtaining a basic understanding of

another facet of plasma phenomena.

It is most likely that as work progresses in the area of colloidal ionic
propulsion, as well as in other areas, experimental observation will be

available to assist in the construction of the pertinent models for analysis

and prediction.

It may well be that as one begins to explore the highly charged particle

plasma, new areas of interest will be discovered.

13
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